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I i. INTRODUCTION

i This report reviews the progress made on the development of aregenerative hydrogen-oxygen fuel cell under NASA Contract 3-2781,

durlng the period 1 July, 1964 to 31 December 1964. The program

I objective is the development of an electrically regenerative

;5: hydrogen-oxygen fuel cell that will be superior in performance to

: I
_ currently available rechargeable batteries. The device under

_ development consists of a cell stack that is utilized both as an

_i:i I electrolyzer during charge periods and as a fuel cell during discharge
_ii_ periods. Integral gas storage tanks are used to contal.n the hydrogen

=_ I and oxygen gas generated during charge. Such a device offersadvantages in the area of watt hours per lb., high ambient tempera-

ture operation, (plus the ability to re sterilized) and greater

I cycle llfe than can be obtained from existing secondary batteries.

_.'-.: A two phase program Is being conducted. Phase I consisted of

_ I the design, development and testing of a nominal 75 watt, 44 watt-

S hour, 6 cell unit to demonstrate the feasibility of a multl-cell

" I regenerative device. During Phase I, emphasis was placed on develop-
_i! ing useful _=llable component designs and experimentation to

i_'_'_2I determine if unforeseen chemical and electrochemical difficulties

_ might develop using these componente. The major objective of Phase !I

" I is the design and development of a 500-I000 watt, 600 watt-hour,_. 34 cell_ minimized weight unit, for evaluation as a flight prototype.

I
!

_°

Alln 9n 9 1,_, _..--..,-. :
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2. SU_RY

Design problems uncovered during the first tualf of 1964, were

thorn,,-hl__,___ evaluated and eliminated during this report period. IA

single cell unit and two six cell units were fabricated durin_ this

time. Th_ single cell unit was built to establish optimum design

characteristics and to evaluate the effect of changes in _uch

controllable variables as the asbestos matrix (type, compressions

and electrolyte content), temperature, charge rate, discharge rate

and electrode catalyst loading._ As a result of careful redesign ._
and single cell tes£ing, the 75 watt,,6 cell unit wa's successfully

cycled over an extended time period. Perfomance levels achieved,

exceeded the nominal output levels. Subsequent cycling on the same :,

unit indicated that levels > 90 watts could be- obtained, and that by = , :

increasing the operating temperature from 70°C to _ 125_C, outputs

approaching 120 watts are obtainable. _ :

The primary-factors resulting in the greatly improved performance

and reliability were as follows: •

i. Increased electro._ecatalyst loading from I0 mg/cm 2 to

20 mg]cm 2 .

2. ImproVed bipolar plate design.

3. Use of fuel Cell grade :asbestos instead of electrolytic or

..coun.ercla I grade_.

4. ImFroved volume compensation bellows design.

Performance data and details of _the single and multi-6ell designs are _ '

presented within the report.
t,

J \

i
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3. TECHNICAL DISCUSSIO_

J As a result of them::ochemlcal reaction problems encountered during
the previo_is semi-annual report period, a thorough review and analysis

of the original design and operating parameters was m_,de. This review_ resulted in establishing cerLain areas where new infcru_tlon was

required and where new design principles had to be e_ployed. The

[ "following sections discuss in detail the information obtained, the

designs arrived at, and the test results obtained using this data.

Ij 3.1 A_b_0s Studies

i

There are three major criteria governing the use of porous

:_:_ asbestos as the separator material in the regenerative fuel cell.
|

First, it must have 10w porosity to H2 and 02 gases, second it must

I exhibit high electrolyte absorbtivity, and third it must Lave structural_: and chemical stability. Three types of asbestos have been !.ruestigated"

' to determine their ability to meet the first criterion. These typesJ

I were (a) commercial grade (b) electrolytic grade and (c) fuc: cell

grade. Commercial asbestos is high in impurity content, exhibits high

'Im porosity and wide variability in absorbtivlty. It has good
structural

stability however. The electrolytic grade has intermediate properties

.Im, as to purity, and the fuel cell grade represents the highest purity
material available in bulk.

I In order to provide some measure of C.he relative porosity ,
of the various grades and the effects of certain varlmbles on thls_

porosity, a series of leakage rate tests have been conducted. Certain" of these tests and the test procedure have been reported previously, (1)

_1 For clarity in this presentation, we have included data from reference _1'_ where pertinent to the dijcussion. It must be emphasized that the data

:; " presentod herein is for comparative pur_ose_ only, and is not meant

i lme to be used for permeability computationa on an
absolute hasis.

2[
4110-2Q-2 " 3
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; One of the factors governing asbestos leakage rate is the

'_ degree to which it must be compressed to prevent gas leakage. This

leakage can occur both through and around the edge of the asbestos

matrix. Low degrees of compression permit the storage of relatively

large amounts of water, but the resulting math'Ix is more susceptible

to gas leakage. Tha reverse is true for high degrees of compression.

In order to evaluate the effect of compression, a series of gas

leakage tests was conducted.

Data obtained with commercial grade asbestos _re shown on

Figure I. Compression ratios, i.eo, the initlal/final a_.bestos

thickness, were varied between 7/6 and 7/3. Initial asbestos thickness,

i.e., prior to compression was ,_ 0.070 inches. The type of curve

pre_ented on Figure 1 is similar to that presented in Figure 2 showing

the effect of electrolyte/asbestos weight ratios on leakage rate. It

is i,_teresting to note that the 7/4 compression ratio appeals to be

the optimum for commercial grade. One might expect the 7/3 ratio to

show less leakage, bdt apparently, at the 7/3 value, an appreciable

quantity of the electrolyte is squeezed out of the asbestos, increasing

the permeability somewhat over the 7/4 value.

In addition to compression ratio tests, additional leakage

rate experiments were carried out using electrolytic and fuel cell

grade asbestos. Results of these and data from reference I on the

co,_nercial grade are shown on Figures 3, 4 and 5. With the exception

of the 0.015" thick fuel cell grade, the leakage rates of both

electrolytic and fuel cell grades are much lower than that exhibited

by corm_ercial asbestO_o Logically, the leakage rate could be expected

to be an inverse function of the thickness. However, the data indicates

definite anomalies in this regard. There are a number of possible

explanations for these deviations from logic such as (a) variations in

processing involved to obtain individual thicknesses, (b) batch to

; batch differences, i.e., nou-reproduclbillty of the asbestos (c)

uncontrolled experimental parameters and (d) a combination of th_ first

three. Since the test procedure is so simple, and _n the majority of

411O-2Q-2 4
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the tests _lirly reproducible, we feel the anomalies are an inherent

problem of the asbestos manufacturing process. This is emphasized b)

the data of Figure 5, showing tile effect of multiple layers of fuel

cell grade asbestos on leak rate. Here, one would expect leakage

rates through multiple layers of equal total thickness to be nearly

equal or per_'Ips have lower leakage rates for more layers of material.

However, thi_ is .or indicated.

Regardless of the leakage rates shown, the important parameter

as far as leakage is concerned is the pressure at which leakage

initially occurs. We call _hls point the breakover pressure. It

varies considerably between grades of asbestos, but the trend is as

follows:

Grade Bregkove ¢ Pressure-PsIP_

Ccnmmrcial 6-12

Electc__tytlc 10-20

Fuel Cell 20-40 (other than 0.015" thick)

Variations in compression and electrolyte content will, of course,

shift these values somewhat. However, it is evlde;,t that relatively

large differentials can be sustained across the ,:aric_ types of

asbestos, and that the fuel cell grade is superior to the other two.

3.2 Desl_n D@tails of the 7_ Wa,t¢ Unit

The present design contains certain changes from the design

previously, evaluated and reported in (i). These changes were made to

improve reliability and performance and are listed below.

I. Replacement of the rubber pressure balancing dlaphraFm

by a stainless steel bellows.

2. Incorporation of an improved bipolar plate containing

_n integral gas port seal.

3. Incorporation of improved gas distribution by elimination

of bipolar plate external drill holes.

4. Elimic_tion of thermal storage tanks.

5. Incorporation of unlpotentlal tankage.

41 I0-2Q-2 10.
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Each of these changes has been made along with other

modifications to simplify fabrication and assembly, increase gas

porting area to the pressure balancing bellows, and to minimize the

hazards involved in testing. Figure 7 shows a photo of the assembled

75 watt unit and Figure 8 shows an assembly drawing of the unit giving

details of internal construction.

As in the prevlous 75 watt model, six series connected cells

using 6-1nch diameter electrodes have been employed. However, the

electrodes presently being used contain 20 mg/cm 2 of catalyst rather

than i0 mg/cm 2 as used previously. Two types of catalyst are being

employed, namely I00 percent platinum and 50 percent platinum/50

percent palladium. The latter type are used interchangeably with the

former as oxygen electrodes with no apparent change in catalytic

activity. FL'el cell miilboard asbestos has been used exclusively in

all 75 watt assembly tests. The mats are _ 50 mils thick, weigh

22 grams, and are compressed to 40 mils in the cell stack. Twenty-nine

grams of 40 percent KOH are added to the mat as the electrolyte.

Assembly is acc_mpllshed by stacking the individual bl-polar

plates containing the electrodes and asbestos mats. A stainless steel

bellows, which acts as a volume compensation device, is attached to

the oxygen end plate. This volume compensation i_ required for two _-

purposes, first, to -_._rrectany errors In volume due to design or

machining errors, and second to compen_._e for non stolchlometrlc

evolution of H2 and 02 during the initial portions of the charge and

discharge cycle. Non stoichiometric evolution results from el_ctro-

chemical oxidation to Nl0 of uncatalyzed portions of the nickel plaque

electrode in contact with the electrolyte. On discharge, this nickel

oxide, amounting to approximately 30 amp. minutes equivalent, isr

reduced prior to the consumption of gaseous oxygen. (Section 3.6

discusses this further.)

Once the cell stack, including the bellows, is assembled, the

negative lead from the high pressure feed through is attached to the

4110-2Q-2 12
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FIG. 7 73-1JATT FUEL CI_L ASSI21BLY
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stack, along with an iron-constantan thelm_ocouple. The integral

tanks are then installed and bolted externally. In order to simplify

tank construction, both the H2 and 02 tsnks were made identical.

Volume adjustment was made by installing two teflon spacers, one of

which was also used as a bellows extension stop.

3.3 Si__.n_leCell Design

In order to evaluate certain variables affecting performance,

! a single cell, 6-inch electrode diameter fuel cell was designed and
J

fabric_r_j. This cell contains features similar to that used on the

I multl-cell unit, but does not contain a pressure balanc'ing mechanism.

Therefore, the 112 and 0 2 tank _oldwm.s within the cell had to be

carefully balanced prior to its use in the regenerative mode of

I operation.

The single cell unJt co,_.slstsof two circular plates of monel

containing gas cavltie =. in an approximate 2-1 volume ratio. Machined

into these cavities are grooves for electrofle back-up plates and

.i electrodes of the same, i.e., 6-inch diameter, that are utilized in

the multl-cell unit. The two halves are bolted together by means of a

I series of bolts along the periphery. Scaling is accompll,hed by the
use of "O" rings. A glass reinforced epoxy spacer is employed between

I the two plates to provide electrical insuiation between the posltlveand negative sides of the cell. The insulating spacer ._hus provides

the spacing between the two plates altd also fixes the compression on

I the asbestos matrix. Since the diameter of the asbestos ;,mtrlx i_

somewhat larger than the 6=inch electrodes, the peripheral edge of

I the matrix is compressed against the cell halves insulating
inslde the

spacer, effectively preventln_ leakage around the asbesto.--. Assembly

i is accomplished by stacking one end plate, back up plate, e_ _trode,
asbestos mat, se_.ond electrode, and second back-up plate, nd then

I bolting th_ entire assembly together.
Certain fittings, valves, and instrumentation are attached

i to each of the chambers for pressure measurement and for flushing the
unit. Major cell componests were fabricated out of monel to minimize

!
4110-2Q-2 15
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corrosion problems. Since the cell doe_ not contain a volume

balancing mechanism to assure a 2-1 volume ratlo_ it was necessary

to adjust the volumes by adding external tubing to the ce11. The

entire cell was set up in an oven that contained lead-ins f_r electrical

and flushing gas connections. Figure 9 shows a photo of the assembled

si_Agle cell ond Figure I0 shows an assembly drawing of the unit giving

details of the internal construction.

3.4 Ins tru_¢nt_ tipn

For both single and multi-cell te_ts, readout and control

instrumentation has been assembled in one test cabinet for consolida-

tion and ease of handling. The test un_ now consists of a load bank

with variable resistors to control d!ocharge c,,rrpnt, a power supply

to supply charging current, a power supply for the two pressure

transducers, and two vacuur: tube vo)t meters for tc_al and differential

pressure readout. A recycli_tg timer is also included which automatically

switches ':he cell from charRe to discharge. (It is pr_se:tLly set for a

65 mlnure chs=ge and a 35 minute discharge cycle.) The unit also

contains outputs to a multipoint recorder for recording cell voltage_

cell discharge current, and to_l cell pressure. Cell temperatures _re

also recorded on a multi-polnt recorder, using thernDcouples located

internally and or, the external periphery of the cell. Differential )_

pressure is recorded on a continuous strip chart recorder. :"_

3.5 Test Facility Con_stru_tion

Due to the possible hazards involved in testing the multl-cell

unit, a new test facility was designed and built with corporate funds.

The facility is essentially a block house containing the steel test

chamber used during the preceding stage= _-f the program. Modifications

to the steel chamber Improvin_ its pressure venting characteristics

were also included. The block house is at rmched to the fuel cell

laboratory and all test operations are carried o_t by remote control.

Suitable control panels and visual monitoring facilitles have been

provided.

4110-2Q- 9 16
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I
3.6 75-Ngtt Cell Testing

After initial assembly and check out, the redesigned 6-cellunit was installed and tested in the new fuel cell testing facility.

Appropriate feed-throughs for electrical and pneumatic connections

I have been installed in the test facility, and were connected to the

cell. The unit was flushed I0 times by pressurizing with hydrogen

I and oxygen to 50 pslg and then venting the ga_es. The ambient

temperature in the test oven was then raised to 70°C, and the cell

I was put o_ cycle. The cycle consisted of 65 minutes charge at 9.6
awps, and s discharge load of 0.33 ohms set to give 75-80 watts

_. _ during discharge. In the initial cycles, the performance of the

_: _ unit looked stable and utlsfactory. Therefore, it was decided to

: | continue cycling and conduct a continuous 48-hour test which

! xepresented a major test objective. Data for cell voltage, cell

pressure, and temperature during the continuous 4g-hour test is
D

I shown iv Figures lla--lle. Throughout the entire testing period,

; the differential pressure swing did not rise more than 0.2-0.3 psi.

• I When the cell pressure reached 380-390 psi, the charger was

automatically shut off, and the cell allowed to sit on open circuit

until the cycling thner (set at a 65 minutes charge duration)
switched the unit to discharge.

I_ After completion of the 48-hou_ test, the cell was vented

| and allowed to sit at temperature on open circuit. In the following

i days, a number of other charge-discharge cycles were conducted toI
I determlne varlous performance c_pabilitles, and to see if any

deterioration in performance would occur. Figure 12 shows a series
# I

I of _ischarge curves at dlfferent temperatures and loads. As can be

_een, a_ a slightly h_gher temperature, the unit was capable of

discharging continuously at 25 amps.

|
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Figure 13 shows s test of cell capacity. The unit was charged

until the cell pressure reached 450 psi, and then continually discharged

at 15 amps until the cell voltage reached 3 volts. (It should be noted

that at the end of charge period_ the cell voltage was still relatively

_i low, indicating that the mats contained additlona _ water that could have

j been utilized for additional capacity,) Figure 14 shows a voltage vs.

current curve for the unit, and the accompanying power output curve for

this test. After an accumulation of a total of 39 cycles, the unit

exhibited slightly deteriorated performance on both charge and discharge.

The unit was then disassembled and examined. The individual mats had

gray to black discoloration adjacert to the hydrogen electrode and the

viton rubber on the r,mt edges had turned from green to black.
4

Electrolyte squeezed from samples of two of the cells showed that the

concentration had dropped to approximately 15 percent KOH from the

40 percent level. This drop in _ KOH is discussed in Sectiop 5.8.

A second .multi-cell unit was later assembled using components

identical with the first with the followlxlg exceptions; Is) the oxygen

electrodes consisted of a mi_._,dcatalyst, i.e., IO rag. of platinum, and

I0 rag. of palladium per sq. cm., (b) insulating washers used cn stack

bolts were fabricated from glass epoxy rather than the previously used

nylon In order to prevent relaxing of the washers during load at

elevated temperatures, and (c) the mats :ontained no edge sealant.

The unit was cycled in the normal manner, i.eo, 35 minute

discharge, 65 minute charge, During the first two cycles, the

temperature was gradually raised, and the unit discharged at approximately

15 drops, at 5.2 volts. For t_ e r_--__qinlng14 cycles, performance increased

' slightly, and the discharge current was set at approximately 18 amps.

The unit was cycled only during art 8 hour day. Overnight the unit was p

kept at elevated temperature. Prior to shut down, the unit was vented

of all pressurized gas, and the following morning was repressurlzed to

the final pressure level of the previous evening. Figure 15 shows a

typical charge-dlscharge curve of the cell during the cycling period.
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On the morning following the 16th cycle, wher. the cell was being

pressurized to be put into service, it was noted that there was cross

leakage between gas compartments_ and the cell was not capable of

holding a differential pressure. I_. additiu_,, a slight rise in

temperature was recorded internally in the cell (I_°-20 °) during this

filling period. The unit was therefore disassembled and examined.

Examlnation of the disassembled unit revealed that the stack

bolts had relaxed considerably. These bolts were initially torqued

to 75 inch/pounds. Inspection of the unit revealed that the bolts

were essentially at 0 torque after the testing period. A relaxation

of this type m,,dt probably released the compression on the mats, and

allowed gas :_eakage between cell compartments at the mat periphery.

Considering this difficulty, it has been decided to utilize

some form of compression loading springs on the stack bolts to

eliminate the relaxation problem in the future. The mats _had a grey

discoloration adjacent to the hydrogen electrode, but otherwise were

satisfactory, and they did not stick to the electrodes within the

entire assembly. Analysis of electrolyte concentration, within two of

the mats of the disassembled cell, revealed concentrations of 33 and

34 percent KOH.

3.7 Sin_[le Cell T_s_s ,.

During this report period, a number of single cells were

_ssembled and subjected to various tests. These tests are described in

Table I which summarizes the features and results obtained. The initial

assemblies were used mainly to debug the test set up, and to balance

cell volumes. In the initial tests, preliminary cycling was conducted

at room temperature. The oven was then turned on and the temperature

was allowed to rise and equilibrate at 70°C. Internal leakage difficulties

were encountered in initial testlng, ,d indicated by poor Faradalc

efflclencies. Examination of the uells afte_ disassembly revealed that

the electrodes had collapsed lato the hack-up plate slots which are used

as gas feeds. This resulted in a lack of asbestos matrix compression at
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this point causing gas leakage. (The design of the back-up plates,

behind which are the gas storage chambers, consist of a I/_ inch

diameter hole which is dr iled through the plate and a 0.060" deep

cavity, approximately I/::inch in diameter underneath the electrode.)

To alleviate this problem, zcreen spacers we.e placed under the electrodes

at this point to prevent collapsing and to provide the desired rmtrix

compression. This chJnge was incorporated in cell number 6. However,

upon cycling, it was found that non Faradaic pressure drops were also

enco_mtered with this cell due to intprnal, and/or external gas leakage.

To eliminate internal leakage, it was decided to use a three layer

matrix system of the same equivalent thickness as Frevious tests, i.e.,

0.070".

Cell number 7 employed two layers of 0.020", and one layer

of 0.030" electrolytic grade asbestos. This cell initially performed

satlsfactorily_ and was cycled ten times continuously over a period

of approximately 20 hours at which time the voltage on discharge fell

below 0.7 of a volt and rose higher on charge. Figuze 16 shows the

typical voltage, total cell pressure, and differential pressure,

during the charge and discharge of _he cell. On experimenting with

the cell, it appeared that the cell was capable of supplying 22 amp

short duration current pulses at 0.8 volts. This indicates that

performance degradation was probably due to concentration gradient

build-up and concentration polarization within the cell. A small

amount of water was added to the cell by supplying external gas and

electrically discharging this gas into the cell to build up the water

content in the mat. This addition of water improved the performance on

both charge and discharge, and therefore it is reasoned that the

difficulty was probably due to gas leakages during the course of the

test which resulted In the drying out of the mat.

\
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The next cell, number 8 was assembled with three layers of

0.020" asbestos. Compression was reduced from 7/4 ratio to a 6/4 ratio

I to evaluate the effect of improved ionic mobility on the reduction of
concentration polarization. The electrodes used were the same as those

I used in test number 7, to show if this change would improve performance.No improvement in performance was obtained, and after 4 cycles, the test

was discontinued.

I AI_ interesting observation made during the course of these

initi_l single cell tests was the shift in differential pressure

I encountered when the cycle changed from charge to discharge. (Since

these cells do not contain a volume balancing device, anomalous gas

I reactions are readily obse_-_able as pressure shifts during cyclic
operation.) During the first few minutes of charge, a hydrogen gas

I differential pressure builds up. No oxygen gas ie formed durlr.g this
period, indicating an ox_ode formatio_ on the cathode. This "stored'

i oxygen is later released during the ¢_rst few m_nutes of discharge.The capacity that is stored varies "_mewhat from electrode to electrode,

but in the cell geometry employed these tests, a 6 to I0 p3i

I differential was encountered. (S_ _ a d_._ferentlal change is shown in

Figure 16 for cell number 7.) In additloa. [_ ..}'genstorage process

I charging voltage and increas,_& the initial discharge
lowers the initial

voltage. Subsequent testing showed that nickel oxide formation is

I responsible for the effect. Aside from possibly aggravating internal ._
leakage, the differential pressure has not caused any thermochemlcal

I problems. Incorporation of a volume balancing device, such as is usedin multl-cell operation, would eliminate pressure differentials.

The electrode back up plates used in the next series of tests-

I were modified to include three radial grooves, 1/8" wide and 0.020" deep,

to possibly improve gas access to the backside of the electrodes.

.I Cell number 9 using electrolytic grs.de asbestos, was cycled 7 times

(35 minutes discharge, 65 minutes charge) and left on open circuit over

a 3-day week-end at 0 psig and 70°C. After this stand perl_, two
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_.dd_tlonal cyclea showed that perfor_mnce had deteriorated considerably,

i.e., the discharge voltage was low, _nd the cell exhibited a high

I charging voltage. It was reasoned chat possible deteriorations had
taken place with the asbestos mat. Therefore, Ceil No. I0 was assembled

using a different grade of asbestos.The _at used for Cell number i0 consisted of two layers of

0.035" thick con=nerclsl _rade asbestos. In :his configuration the cell

I exhibited considerable internal leakage and self-dlscharge. Therefore,

the test was discontinued after a brief cycle period.

I Cell number II consisted of two layers of the same material
with inclusion of one layer of a celluosic membrane type material

I (Viskin_ in an _ttempt to reduce internal cell leakage. The addition
of the separator material resulted in increasing the cell internal

E resistance considerahiy. Consequently, the cell performed vet. poorly

! on both charge and discha£ge. It was then decided to go bac_ to the
3"

mat configuration of cell number 7 which had given the best performancej

l : tc date.

Cell number 12, using 3 layers of electrolytic grade asbestos,

I was cycled two times and left at temperature and 0 pslg over a two day

week-end. At the end of the period the cell exhibited degraded

[ performance on both charge and discharge similiar to cell number 9.
L

_ Cell number 13 was assembled using the san_ mat configuration

• _ as cell number 12 except the grade of asbestos was changed to fuel cell

; L millboard, ,manufactured by the Johns-Mansvi!le Company. Initial cycling

of this cell indicated that the mat was low in water content. Water

was added to the cell by pzessurizlng the cell and discharging the

• hydrogen and oxygen to form water within the cell. By doing this, it

l was possible to bring the cell performance up, but the cell still

operated below the desired level. After 14 cycles, the cell was

_ Ii dlsassembled.

,[
2
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In order to improve the discharge voltage characteristics of

the cell, it was decided to increase the catalyst loading in the

electrodes. For cell number 14, an oxygen electrode containing

i0 mg./cm 2 platinum catalyst, and I0 mg./cm 2 of palladium catalysts was

used. The hydrogen electrode consisted of 20 mg./cm 2 of platinum.

Initial performance of this cell was considerably better than all

pre_.ious tests. Typical operating voltage on discharge with the

original electrodes was approximately 0.7 volt. By increasing the

catalyst loading, the cell operated at approximately 0.8 volt on

discharge at the same current level. However, after cycling 7-8 times,

this cell also deteriorated in performance.

The next cell number 15 "-as assembled to evaluate the effect

of cell orientation, and was assembled and placed in the horizontal

position. In addition, matrix compression ratio was reduced from a

7/4 rstlo to a 6/4 ratio while slightly increasing the electrolyte/

asbcsto'_ weight ratio. This cell was also cycled 7 times. Performance

again deteriorat=d on both charge and discharge over this period. In

order to determine if the deterioration was being caused by contamina-

tion of the electrodes, cell number 15 was rapidly disassembled and

reassembled usi_tg the same electrodes without _'ashing, but with a new

asbestos matrix. This cell in_tially exhibited good performance,

indicating t.hat the electrodes had not been poisoned. After wet stand

overnight, without being cycled, this cell also exhibited deteriorated

per forms nce.

In cell number 17, the grade of asbestos was changed to one

layer of 0.060" fuel cell millboard. _is cell was cycled 10 times and

did not show any significant deterioration. _owever, the discharge

pe:formance was lower than some of the previous data obtained on

initial cycling. Therefore cell number 18 was assembled containing a

thinner (0.050") mat of the same type. The thickness was reduced in

order to decrease the compression ratiu. In addition, the quantity

of electrolyte'was i._creased. This cell was cycled two times then

allowed to stand over night a_ temperature. It was then cycled
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P
continuously for 30 c,_clesover a 50 hour period Typical performance

| " •

is shown on Figure 17. During the period of testing, there was some

I degradation in discharge voltage, and increase in charge voltage as
shown in Figure 18.

I In order to determine the cause of deterioration, the test
was stopped and the gas compartments were flushed, reasoning possibly

that impurities or gas mixing might have been the cause of the deterioratedperformance. The cell was then put on discharge. Flushing did not

improve the performance of the cell. Next an attempt was made to add

I water to the cell by pressurizing the cell and discharging the added

gas into the mat. An increase in water content did not improve the cell

I performance. The cell was then disassembled, and the mat examined. As
in previous tests, there was a discoloration of the mat adjacent to the

I hydrogen-electrode. Next, a sample of the mat was taken, and liouid
KOH was squeezed out and titrated with 0.I N HCI to determine the

I alkalinity content. This test showed that the liquid sample wasapproximately 10.5 pezcent KOH. Two separate samples titrated in the

same manner gave the same result. (The cell had initially been assembled

I with 25.4 percent KOH.) Consumption of KOH such as was indicated, would

explain the deteriorated performance.

I In order decrease the effect of KOH loss, it was decided
to

to _ncre-_sethe electrolyte concentration from 25 percent KOH to 40

I weight percent ir future cell tests. Cells number 19 and 20 contained
excessive quantities of electrolyte. When the cell was assembled,

B electrolyte was squeezed out of the asbestos _t into the individual gas
| cavities. On attempting to cycle these cells, it was found that they

exhibited puor performanc,'_on discharge and extremel) large, i.e., i0-::0

I psi differential pressures at the start of charge and discharge. The

excessJce differential pressures were attributed to flooding the

i - electrode and back-up screee, forming Ni0 which took part in the reaction

on both charge and discharge. Cell number 21 was constructed with the

I electrolyte quantity reduced to 29 grams percent
of 4O KOH. This cell

! '
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was cycled three times and allo_ed to sit in t._eopen circuit condition

overnight at 70°C, and then cycled a fot,rth time. The cell exhibited

no obvious deterioration in performance during the period tested.

It was decided to use this mat arrangement in initial tests with the

"'5watt unit.

After completion of the first series of 75 watt cell tests,

the single cell test oven was rearranged, and another series of single

cells were assembled and tested. Cell number 22 was used to check out

the new set up. Cell number 23 employed comraercial platinized fuel

cell electrodes. The initis! discharge voltage at 16 amps was 0.8--0.82

volts, bat the charge voltage ranged between 1.7-1.9 volts. After

6 cycles, the discharge voltage dropped to 0.76--0.78 _olts. At this

point the cell was disassembled and the electrolyte concentration in

the mat measured. It was found to be 33 percent.

Cell number 24 utilized v Type AB-4 electrode on the oxygen

side, and a standard EOS (20 mg/cm 2 platinum) hydrogen electrode. The

disclmrge voltage at ]6 amps initially was bet-_aen 0.80 and 0.82 volta.

T_..=charge voltage r.qnged between 1.7 and 1.8 voids. After II cycles,

the discharge voltage dropped to 0.78 volts. Again the tell _as

disassembled and the electrolyte conc.-ntration measured. _is time

it had also dropped from 40 percent to 33 percent. Figure 19 shows the

F_T data using commercial electrodes.

Cell number 25 was assembled to test capabilities of the cell

at elevated temperatures. Figure 20 shows E-I data for the cell at

125°C. The data obtained at 125 ° is quit e good, in that currents

approaching I00 amperes were obtained a_ 0.55 voi_s Including an IR 3

drop of _ 0.2 volt. Due to overheating of the load bank and associated

etectrlcal hardware, the high current levels, l.e._ _JO amps were only j

measured for periods of _i_ less t._an 30 seconds. Howevtr, the va_lues

obtained are indicative of th_ high pulse power the uuit is capable of.

at slightly elevated temperature. Testing of this cell Was d|,sconcinued _,

in order to use tt_. i_strumentatton for a second test Series with the !

i6-ceil ,-_---_att u nlt , -. ,ll

,- . ..





,. slloM '_13MOd

0 0 0 0 0 0 0
_0 _ _- ,, ro _ , _ 0 0

' I'' l'""'"'¢' ' 'i°.
.°

0

Im E r. . - W u

0
F Gw- ,> I; _=, 7 _

_..
<[ iI'_I%: _ H
:I:N _:I ca t

u_w 0
WZO _
¢._ jO Od_:j,'," . ,_
,elW i.. _ z
"I",u,U
u w ,4

o

L_..._._--.di , [ I [ ....I .No '_
- -" - d d d d o

S170A '39V170A 7730
7

| -;
f ",

4110-2Q-2 46 .:

®

19650] ]203-050



I Cell number 26 was assem_hled to demonstrate single cell!
performance to the NASA technical monitors ,>fthe prograrJ,who visited

EOS during this period, This cell was cycled 2 times, and subjected to
discharges at various currents from 10-91.5 amps for short periods of

i time. The cell was then allowed to sit overnight at the elevatedtemperature, after which, the mat was removed, and the KOH concentration

analyzed. It was fcund to have dropped from 40 to 34 percent KOH.

I This continued change in KOH concentration as a function of time was

and is cause for concern. A series of tests, discussed in detail In

I the next section, were then initiated to determine the reason
forthis

loss of KOH.

I Phase II of the program calls for a 500-_att unit with
individual cells of 6-inch diameter having a capacity of 21 amp. houLs.

I Prior to cell number 27, all work has been done with the 6-inch diametercell of nominal i0 amp. hour capacity. In order to increase capacity,r.

mat composition compression, dry-weight_ and wet weight must be

modified in _._der to contain sufficient water to provide 21 amp. hours

cad :ity. A series of cell tests was initiated to study mat variations
m

I tl_ could be used to improve this capacity. Cell number 27, the first

in the series, consisted of a thicker mat containing a quantity of

I electrolyte above what has been previously used. In order to obtain-
: the higher capacity using the fixed volume single cell, the cell was

I electrolytically charged to 500 psig instead of the normal 350-400
psig. When the first discharge was started, a rapid pressure drop was

l noted. The test wa_ then stopped, the cell vented, disassembled andexamined. The asbestos mat periphery was distorted and there was a

black deposit in the gas compartments. (Note, the mat edges were not

| •rubberized.) It wasdeclded that the mat had posslbly bee= _laced off

center, and therefore cell number 28 was assembled using the same mat

I "- arrangement.

The mat configuration of cell number 28 provided increased

I the full 21 amp hours desired. Voltagd
capacity, but did not provide

v rose h_gh at the end of charge indicating dryiug out of the mat.

I
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Therefore, initial discharge voltage was quite low, and at the end of

discharge, voltage fell off rapidly. This performance is shown in

Figure 21.

Cell number 29 contained a mat with reduced compression and

increased electrolyte. The cell was cycled at charge currents of I0 and

i 20 amps. and a discharge current of 20 amps. The cell charged well and

• discharged well except at the end of discharge when performance fell off

rapidly, as shown in Figure 22. Poor Faradalc efficlencles were noted.

To Improve discharge performance and to avoid the apparent flooding at

the end of discharge, i00 psi gas equivalent was vented to reduce the

water content at the end of the fourth cycle. At the start of the fifth

cycle discharge, the pressure dropped rapidly, I.e., 200 psid. The test

was then stopped, the cell vented, disassembled and examined. Once

again the edges of the mat were badly distorted and black deposits were

found in the gas compartments. In these tests the mat compression had

been reduced, and apparently the compression on the mat edges was not

not sufficient to prevent gas leakage without an added edge sealant.

A mat edge sealant, viton rubber, had been used in most previous multi

and single cell tests. However, as discussed in the next section, this

sealant reacts chemically with KOH. A new material, an ethylene-propylene

rubber has been recently evaluated and found to be satisfactory. Using

this sealant will eliminate the edge seal problem.

To further increase cell capacity to the desired 21.4 amp. hrs. j

additional variations in mat thickness, compression, and electrolyte

quantity have been studied. Cell number 38 consisted of a mat of two

layers of 30 roll fuel cell mlllboard asbestos which was impregnated with'

36.4 grams of 40 percent electrolyte and placed Within the cell. A

0.040" spacer was used in tht periphery of the cell, but the 10 roll Sas

distrlb_tion screens, behind the electrodes were removed. Therefore, there

was a 60 rail space between the electrodes, but the outer edge of the mat
!

was compressed between the tank halvcJ to 0.040". The cell was cycled

and charged to 500 psig and then disct_rged. This arrangement provided

r
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i

I increased cell capacity, but still did not achieve the 21.4 amp. hrs.

desired. Figure 23 shows typical performance of this cell.

Table II shows a comparison of all high capacity tests thus

far. As can be seen, cell number 43 has given the best result_ yielding

20.5 A.H. This cell had no initial voltage dip, and only during the last
I0 minutes of discharge did the performance fall off. Some additional

tests are planned to determine the correct combir_tion of asbestosthickness, compression and water content to achieve the optimum capacity

and performance.

I 3.8 KOH Consumption Invcstlgation

In order to determine the cause of KOH consumptlon during

! .the operation of cells, a series of tests was conducted to determine if

this consumption is caused by any impurltles within the actual electrodes.
4

I Each cell was assembled late in the afternoon and allowed _o come up to
temperature (70°C) overnight. The cell was cycle d the following day

i until late afternoon, and then disassembled, and the mat KOH sample wasanslyzed. The variables in the test consls,:ed only of the method of

preparation of the electrodes. The variables are listed in Table Ill

I which also shows the results obtained in the analysis. As can be seen

the electrolyte concentration in all cases dropped to 30_35 percent KOH.

I No effect could be attributed to the electrodes. To compare this finding

with direct chemical tests, fuel cell grade asbestos r_ts were soaked

I with the same quantity of electrolyte that is normally used in the cell
test. These were stored at room ter.perature and at 70°C, and then

I analyses of KO_ concentration were made on these mats. The results areshown on Table IV.

During both single cell and multl-cell te=_te in _hich _he

I as_estos mat had been rubberized with vlton on the periphery, there were

definite visual indications of chemical reactior between t:he vlton and

I the electrolyte. Further, vlton "0" rings used Initially in the single

cell were severely attacked by the same electrolyte. These visual

I indications, plus test results showing that noticeable changes
in

I
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electrolyte concent_mtlon, i.e. >10 percent only occurred when the

asbestos was rubberized with vlton, are strong signs that the rubber

reaction contributed to the KO_[ degradstlcHs, However, tes'.s made in a

similar manner to chat described above, but !neludln8 rubberized edges,

showed ne significant dlfferenre, as is shown on T_ble IV. This result

is somewhat dlsconcerting_ in view of the obvlouu visual deterioration

of the r_bber. There are _o possible .explarust!on_ for the results

obtained, namely (a) the period of t_-_e allowed for the reaction, i.e.,

88 hours was insufficient or (b) the test procedure was unsatis£acto_.

't_e latter explanation has been Investigated in some detail. Titration

solutions have been checked and rechecked, initial electrolyte concentra-

tions checked and rechecked, multiple samples analyzed to check for

reproduc-billty, and test samples double sealed to prevent water loss.

As a result of ¢hls checking, we feel that the former exp_natlon is the

most reasonable answer.

Re_dless, it has been established that K0H slowly reacts

with the asbestos or impurities therein. This reaction apparently results

in a 6-10 percent reduction in concentration in a period of 24-48 hours.

However, it remaln_ to subject cells to long periods of cycling to

assure that the reaction does not proceed beyond this level. If the KOH

concentration stabilizeL above 30 perc6ut, there is no problem.
£.

3.9 Preliminary _0 Watt Cell Design _._hts

As a result of the recent serie_ of tests indicating the

high performance achievable with the new cell design and improved

electrodes, prellmlnary weight calculatlons of a 500 watt. 35 cell

unit were undertaken. Two sets of calculations were made, one using

existing components, and the second using improved lower weight com-

ponents which we feel are well within the current state of the art.

Table V shoots the itemized component Wel_h_e used in the calculated

cell weights. Further weight reductions ar_ possibla, using

advanced n_atarials and improved death, Details of such reductions

are given in the next section. ,;

........ _ iii i ms ....... I :_
__2 _,. I, .,JM I - --

1965011203-060





3.9.1 P.otential Imvrovements in .Reeenor_tiv_ l_l_Cell
De sian Using Advance_eht _,ei_htNateriels

The p,_rpose of this discussion is to revie_ the

results of a preliminary amalysis which was performed to determine the

potential reduction in weight of a regenerative fuel cell which _ay be

possible by utilizing advanced light weight materials. A review of

the existing design, concept scaled up to the 500 watt nominal po_er

rating indicates that with relatively few and simple improvements, the

weight of such a system could be reduced to the 35-40 lb. level. Such '_

a unit would utilize magnesium cell separators, and 6061-T6 aluminum

alloy gas tankage. The unit would be capable of an energy capacity of

500 watt hours at a 500 psig peak storage pressure, at a temperature of

100oc and power drains of either 500 watts or 1000 watts. The cell stack

assembly would b_ve an estimated weight of about 20-25 Ibs., and the gas

tankage assembly would have an estimated weight of about 10-15 Ibs. The

best estiumte of the energy to weight ratio of such a unit would be

15-17 watt hours per, lb. The unit would be essentially identical to

the present design with minor modifications to reduce weight ir non-

critical areas. The principle" change in operation would be achieved

by raising the operating temperature to the 100°C level to allow a

drain of 1000 watts at the short duration discharge.

To examine the feasibility of further reductions in weight,

several advanced materials were considered for use in the present

design. The existing cell stack assembly uses nichel plated magnesium

separators with a density of about 0.065 lbs. per cubic inch. If one

of the new light weight aircra£t structural materials such as the

magnesium=lithium alloy LA141A can be used, with a density of 0.049 lbs.

per cubic inch, an imuediate reduction of the cell stack of about 4-5

ibs. is possible. The use cf this and other similar magnesium-lithium

alloys is gaining capldly, and in this particular application would

ii
,:_
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l

I
I depend on the development of a suitable nickel plating process for

protection against e!ectrochemi(al attack. Other design i_prove-

I ments in the cell stack bolts and end caps are certainly possible
with Imp'coved high strength, light weight msteria ls, thereby

I making another 2-3 lb. reduction In weight feasible. Therefore,the minimum weLght o£ a 600 watt hour capacity cell stack is

probably on the order of 16-18 lbs. _ as compared to the present! average of about 25 Ibs.

.. The gas tankage is the other most critical weight elementI

I of the system. The existing tank design for a 500 watt unit would

utlhze the 6061-T6 aluminum alloy with a working yield stress

of 33,000 psi, and a density of 0.I Ibs./cu. Inches. There appear

_; to be several alternative nmteria_s which could make _Ignlficant

? • reductions in the present tank configuration, which appears Co
| weigh about i2-15 lbs. If one of the structural titanlmn alloys

3 could be nickel plated, or coated with an inert material such as

teflon, to protect against spontaneous reaction in the pure oxygen

_= environment, then a design working stress of I00,000 psi can beam

I used with a material density of O.IGO Ibs,/cu in.; thereby resulting

f_ in a tank wall thickness of approximately 0.030". The wsight of

:9 " the gas storage tankage utilizing titanium _culd therefore be about

_ 7-8 lbs. including flanges.

I AS another approach, if one of the new high strength
= weldable aluminum alloys such as Kei_.r 7039, or Alcoa X-7106 proves

;--_J ! to be satisfactory _t operating temperat_res of 250°F, then a design
:J? • yield stress of 45,000 p,_ would be available. These materials can

be expected to have all of the desirable properties of the older

,! aluminum alloys, and would result in a gas tankage weight of 1O Ibs.

: Another alternative, and probably the most attractive, conliders t-'.ai
¢

I use of the new beryllium-alumlnum !lloys developed by Lockheed

Missiles and Space, and recently licensed co the Brush Beryllium •

I COml_ny. These alloys vary in percentage from 25-45 weight percent

_ 41 i0-2Q"2 59
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of alumlnum with the remainder pure beryUlum. They appear to have

good ductility and corrosion resistance, and also are sufficiently

weldable to oe used for tank design. The main advgntage of the_

alloys ks _ working yield stress of 70,000 psi with • density of

0.074 Ibs./cu in. If this materlal becomes available and can be

: use_ in thls application, it would result in a total tank weight

_ of 6 Ibs, including flanges. The last alternative considered_

involves the use of glas_ filament wound t_nks. Although the

present technology has resulted in very high strength to weight

ratio configurations, it is not believed that these tanks are

.vk-z_.tlcalfor this application at this time. The two factors

wh!cL:influence this conclusion are the unpredlctable effect of

temp_.r_-turecycling on the strength characterletics-of the glass

filaqent structure, and secondly, the heat transfer requirements

of the _uel cell assembly whereby a high thermal conductlvlty_ both

axially and radially, on the tank structure is desirable for heat

rejection purposes. However, it is likely that with cucrent

developments underway, a high temperature metalllc filament wound

tank will become feasible for this application in the near future,

Utilizing some of the high temp_rat,Jre resins and adhesives presently

being developed.

The conclusions derived from this preliminary study of

trends in performance are significant. The minimum weight of a 600

watt hour regenerative fuel cell assembly using the most practical

advanced structur_l materials which could become available in the

next 2-3 years, eppears to be a lower limit of about 20 Ibs., and a

likely weight of about 25 Ibs. This would result in a system energy

to weight ratio of 24 watt hours per lb. If the capacity of the

existing cell stack could be increased by improving the water

storage capabilltyj the ev.ergyto weight ratio of the system could

probably be raised to at least 30 watt hours pe_ lb. This appears

to be a reasonable 8oal for a regeuerat£ve fuel cell battery operating

at lO00C after a development prototype has been completed and
4
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I

I

.j rel£abl__cyclic operation is achieved. For the foreseeable future_

this system appears to be signlflca_itlysuperior tv other secondary

I -. batteries on an energy/wei_l_tbasis.

i
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4. CONCLUSIONS

The major test objective of the Phase I portion o" the program,

i.e., continuous operation of a 6 cell regenerative unl_ for 48 hours

at > 75 watt has been achieved. In addition, large improvements in

perfornmnce have been achieved with single cell tests, indicating

higher performance levels can be achieved wlth multi-cell units.

Dif_icultles encountered in electrolyte consumption appear to have

been resolved. Preliminary designs for a 500 watt, 600 watt-hour

unit indicate that 15 watt hours per pound can be achieved. A 20 watt

hour per pound unit is attainable if the use of certain high strength

to weight materials can be utilized.
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5. PLANS FOR THE NEXT QbARTER

I Having completed Pha_ I_ major emphasis wlll be shifted to
designing and fabricating a 500 watt, 600 wet-hour unit. In order

I to achieve the performance required, an additional slngle ar_l six
cell test series will be requ2red. This series will include tests

i to (a) optlm£_e asbestos mat geometry and electrolyte content,(b) evaluate long term cycle effects (c) increase catalyst loading

and (d) self dlsc_.-ge effects.

I It is anticipated that the design of the first 500 watt unit

: will be completed by January 3], 1965o After design approval has

I been obtained, the various components will be fabricated. Initial

i_ assembly of the first 500 watt unit should occur early in the

' I second quar er of 1965.
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